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(57) ABSTRACT

An apparatus receives signals generated by a detector (100)
sensitive to 1omzing radiation such as x-rays. A differentiator
(204) generates an output indicative of the rate of change of
the detector signal. A discriminator (206) classifies the ampli-
tude of the differentiator (204) output. An integrator (208)
triggered by the output of the discriminator (206) generates
outputs indicative of the detected photons. One or more cor-
rectors (24a, 24b) corrects for pulse-pileups, and a combiner
(25) uses the outputs of the correctors (24a, 245) to generate
an output signal indicative of the number and energy distri-
bution of the detected photons.

20 Claims, 6 Drawing Sheets
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METHOD AND APPARATUS FOR SPECTRAL
COMPUTED TOMOGRAPHY

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. provisional
application Ser. No. 60/596,894 filed Oct. 28, 2005, which 1s
incorporated herein by reference.

The present invention relates to the field of spectral com-
puted tomography (CT). It also relates to the detection of x-
and other radiation where 1t 1s desirable to obtain information
regarding the energy or energy spectra of the detected radia-
tion. It finds particular application 1n medical imaging, and
also has application in non-destructive testing and analysis,
security applications, and other applications where energy
discrimination capabilities are usetul.

CT scanners provide useful information about the structure
of an object under examination. Thus, for example, CT scan-
ners have gamned wide acceptance in the field of medical
imaging, where they are routinely used to provide valuable
information regarding the physiology of patients. While they
have proven to be extremely useful 1n clinical practice, the
utility of CT scanners could be enhanced by providing addi-
tional information about the material composition of the
object being examined, especially where the different mate-
rials have similar radiation attenuations.

One way to obtain material composition mformation 1s to
measure the x-ray attenuation of the object at different x-ray
energies or energy ranges. This information can be utilized to
provide valuable information regarding the material compo-
sition of the object under examination.

Photon counting detectors have been used 1n nuclear medi-
cine applications such as single photon emission computed
tomography (SPECT) and positron emission tomography
(PET). Such detectors have included scintillator-based detec-
tors such as those based on lutetium orthosilicate (Lu,S10. or
L.SO), bismuth germanate (BGO) and sodium 1odide (Nal)
together with a photodetectors such as photomultiplier tubes
(PMTs). Still other scintillator materials such as Gd,S10.
(GSO), LuAlO; (LuAP) and YAIO, (YAP) are also known. In
addition, direct conversion detectors such as cadmium zinc
tellunnde (CZT) have been used. As a rule, photon counting
detectors have a relatively greater sensitivity than traditional
CT detectors. Moreover, photon counting detectors generally
provide information about the energy distribution of the
detected radiation, which has been used in SPECT and PET
application for useful purposes such as correcting for the
cifects of scatter.

More particularly, such detectors typically produce an out-
put pulse in response to an 1onizing radiation photon. A typi-
cal pulse includes a fast rising signal portion followed by a
slower decay portion. The relatively longer decay, which 1s
dominated by the scintillator or direct conversion material, 1s
the main limitation in fast photon counting, even when a high
speed signal processing apparatus 1s used. As the photon
count rate increases, the probability that two or more events
will overlap, either partially or completely 1s increased. This
phenomenon 1s known as pulse pile-up.

While photon counting detectors have proven usetful in
SPECT and PET, CT applications require a relatively higher
count rate and wider dynamic range. At these relatively higher
count rates, pulse pile-up becomes an even more significant
1ssue. Accordingly, it would be desirable to provide for amore
elfective utilization of the mmformation provided by photon
counting detectors 1 spectral CT and other applications
where relatively higher count rates are encountered.
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Aspects of the present invention address these matters, and
others.

According to a first aspect of the present invention, an
apparatus 1ncludes a radiation sensitive detector which pro-
duces an output 1n response to 1onizing radiation, a discrimi-
nator which produces first and second outputs based on the
rate of change of the detector output, a first integrator trig-
gered by the first discriminator output which generates a first
integrator output, a second integrator triggered by the second
discriminator output which generates a second integrator out-
put, and a {first corrector which uses the first and second
integrator outputs to generate a first output indicative of
detected radiation having a first energy range and a second
output indicative of detected radiation having a second energy
range. The first corrector corrects for pulse pile-ups in the
detector output.

According to another aspect of the invention, a method
includes the steps of measuring a rate of change of an output
signal produced by a radiation sensitive detector 1n response
to an 1onmizing radiation photon, updating a first value 11 the
rate of change 1s 1n a first range, updating a second value 1f the
rate ol change 1s in a second range, repeating the steps of
measuring, updating the first value, and updating the second
value for a plurality of photons, generating a first output
indicative of photons detected 1n a first energy range, and
generating a second output indicative of photons detected 1n
a second energy range. The first and second outputs are a
function of the first and second values.

According to another aspect of the present invention, a
method includes estimating the energy of an 1oni1zing radia-
tion photon detected by a radiation sensitive detector, updat-
ing one of at least first and second values depending on the
estimated energy, repeating the steps of estimating and updat-
ing for photons detected during a pre-selected time period,
using the first and second values to generate a first output
indicative of detected photons having a first range of energies
and a second output indicative of detected photons having a
second range of energies. The first and second outputs include
corrections for detector pulse pile-ups.

Those skilled in the art will appreciate still other aspects of
the present mvention upon reading an understanding the
attached figures and description.

The present invention 1s 1llustrated by way of example and
not limitation 1n the figures of the accompanying drawings, in
which like references indicate similar elements and in which:

FIG. 1 depicts a CT scanner.

FIG. 2 1s a block diagram of a portion of a data acquisition
system together with an integrator and a combiner.

FIG. 3 depicts an implementation of a differentiator.

FIGS. 4a, 4b, and 4¢ depict respective implantations of an
integrator.

FIG. 5 depicts a simulated signal resulting from detection
of radiation by a detector element.

FIG. 6 depicts a simulated differentiator output.

FIG. 7 depicts energy spectra used 1n a simulation.

FIG. 8 depicts actual and measured photon count rates
resulting from a simulation.

With reference to FIG. 1, a CT scanner includes a rotating,
gantry 18 which rotates about an examination region 14. The
gantry 18 supports an x-ray source 12 such as an x-ray tube.
The gantry 18 also supports an x-ray sensitive detector 20
which subtends an arc on the opposite side of the examination
region 14. X-rays produced by the x-ray source 12 traverse
the examination region 14 and are detected by the detector 20.
Accordingly, the scanner 10 generates scan data indicative of
the radiation attenuation along a plurality of projections or
rays through an object disposed in the examination region 14.
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A support 16 such as a couch supports a patient or other
object 1in the examination region 14. The support 16 1s pret-
crably movable 1n the longitudinal or z-direction. In a helical
scan, movement of the support 16 and the gantry 18 are
coordinated so that the x-ray source 12 and the detectors 20
traverse a generally helical path relative to the patient.

The detector 20 includes a plurality of detector elements
100 disposed 1n an arcuate array extending in the transverse
and longitudinal directions. In the case of a single slice detec-
tor, the detector elements 100 are arranged 1n an arcuate array
extending in the transverse direction. For C'T applications, the
detectors elements 100 are preferably photon counting detec-
tors based on relatively fast scintillators such as Lu,S104
(LSO), Gd,S10, (GSO), LuAlO, (LuAP) or YAIO, (YAP), 1n
conjunction with a photodetector such as a photomultiplier or
a photodiode. These scintillators have decay time constant of
approximately 40 ns, 40 ns, 18 ns, and 24 ns respectively, and
a rise time constant of the order of 1 ns. The detector elements
100 can be also based on direct conversion material such as
CdZnTe (CZT). Other scintillator materials, direct conver-
s1on materials, or photon counting detector technologies may
also be implemented. Each detector element 100 obtains a
plurality of readings as the detector 20 rotates about the
examination region. The time period over which a reading 1s
obtained 1s a function of a number of design considerations,
such as the sensitivity of the detectors, the desired transverse
resolution, the gantry rotation speed, and the like. A suitable
reading period can be on the order of 0.2 to 0.3 milliseconds,
although other reading periods can be implemented.

Depending on the configuration of the scanner 10 and the
detector 20, the x-ray source 12 generates a generally fan,
wedge, or cone shaped radiation beam which 1s approxi-
mately coextensive with the coverage of the detector 20.
Moreover, a so-called fourth generation scanner configura-
tion, 1n which the detector 20 spans an arc o1 360 degrees and
remains stationary while the x-ray source 12 rotates, may also
be implemented, as may detectors arranged in flat panel array.
Moreover, 1n the case of a multi-dimensional array, the vari-
ous detector elements 100 may be focused at the x-ray source
12 focal spot and hence form a section of a sphere.

A data acquisition system 23 preferably located on or near
the rotating gantry 18 recerves signals originating from the
various detector elements 100 and provides necessary analog,
to digital conversion, multiplexing, interface, data communi-
cation, and similar functionality. As will be described below,
the data acquisition system provides outputs indicative of the
number and energy distribution of the x-ray photons detected
by each of the detector elements 100 at each of a number of
reading periods.

As will also be described below, first 244 and second 2454
correctors and a combiner 23 correct for deviations 1n the
count and energy distribution information produced by the
data acquisition system. In one implementation, the correc-
tors 24 and combiner 25 are implemented via computer read-
able 1nstructions stored on a disk, memory, or other storage
media which are executed by one or more of the computer
processors associated with the reconstructor 26 following
acquisition of the scan data.

The reconstructor 22 reconstructs the data from the correc-
tor to generate volumetric data indicative of the interior
anatomy of the patient. In addition, the data from the various
energy ranges 1s processed (before reconstruction, after
reconstruction, or both) to provide information about the
material composition of the object under examination.

A controller 28 coordinates the various scan parameters as
necessary to carry out a desired scan protocol, including x-ray
source 12 parameters, movement of the patient couch 16, and
operation of the data acquisition system 23.

A general purpose computer serves an operator console 44.
The console 44 includes a human-readable output device such
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as a monitor or display and an input device such as a keyboard
and mouse. Software resident on the console allows the
operator to control the operation of the scanner by establish-
ing desired scan protocols, mitiating and terminating scans,
viewing and otherwise manipulating the volumetric 1image
data, and otherwise 1nteracting with the scanner.

Turning now to FIG. 2, the data acquisition system 23
includes a signal conditioner 202, a diflerentiator 204, a dis-
criminator 206, and an integrator 208 associated with each
detector element 100. Also depicted are the first 24q and
second 24b correctors and the combiner 25. Though not
explicitly shown, those skilled 1n the art will appreciate that
one or more multiplexers are disposed between the 1integra-
tors 208 and the correctors 24.

The signal conditioner 202 amplifies and filters the signals
generated by 1ts associated detector element 100. The filter
characteristics are preferably selected to filter relatively high
frequency electrical and other noise while passing relatively
lower frequency components associated with the rise and fall
of the signals generated by the detector element 100 1n
response to x-ray photons. Depending on the characteristics
of the detector elements 100 and the downstream processing
circuitry, other or different signal conditioning functionality
may be provided, or some or all of the signal conditioning
functionality may be omitted.

The differentiator 204 provides an output indicative of the
rate of change of the signals produced by the detector element
100 1in response to the detected x-radiation. Increasing signals
(1.e., those produced 1n response to a detected photon) result
in a differentiator output signal having a first polarity,
whereas decreasing signals (1.e., resulting from the decay of
the detector element 100 output following detection of a
photon) will produce an output signal having a second polar-
ity. The amplitude of the differentiator 204 output 1s a func-
tion of the rate of change of the signal produced by the

detector element 100 and thus indicative of the energy of the
detected photons.

The differentiator 204 may be implemented using conven-
tional diflerentiator circuitry such as an operational amplifier
based differentiating circuit. With reference to FIG. 3,
another exemplary implementation includes a delay 302 and
a subtractor 304. The delay 302 provides a delay approxi-
mately equal to the detector signal total rise time, for example
on the order of about 3-10 nanoseconds (ns) 1in the case of the
alforementioned fast detectors.

A discriminator 206 classifies the detected photons into to
or more energy ranges or windows. While FIG. 2 depicts a
three level discriminator 206, the number of levels 1s selected
based on the desired dynamic range and energy discrimina-
tion of the device. For example, the discriminator 206 may be
implemented as a two level discriminator, particularly 1n sys-
tems where relatively higher count rates are not anticipated.
Four or more levels may also be implemented.

In the case of a three level discriminator, the discriminator
206 produces first 214, second 216, and third 218 output
signals as follows:

First Output  Second Output  Third Output
Input Signal Signal 214 Signal 216 Signal 218
Signal > Threshold 3 False False True
Threshold 3 > Signal > False True False
Threshold 2
Threshold 2 > Signal > True False False
Threshold 1
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Thus, the first output signal 1s triggered 11 the signal provided
by the differentiator 204 1s greater than a first threshold and
less than a second threshold. Illustratively, one can describe
the purpose of the different thresholds as follows. The first
threshold 1s preferably selected to block noise while passing
signals 1ndicative of radiation detected by the detector ele-
ment 100. The second threshold 1s selected to differentiate
between first and second photon energy ranges or windows.
The third threshold 1s selected to account for relatively high
count rates and pile-ups. In practice these pile-ups can intro-
duce deviations in each of the threshold ranges, and can be
corrected as described below.

In an exemplary implementation, the discriminator 206
includes one or more comparators. The various thresholds
can be fixed for a particular scanner. They may also be adjust-
able based on the requirements of a particular scan, for
example where 1t 1s desirable to distinguish between different
energy ranges.

The discriminator outputs 214, 216, 218 trigger the inte-
grator 208, which produces first 220, second 222, and third
224 outputs indicative of the number and energy of the
detected x-ray photons. The counting or integration 1s prei-
erably performed during the duration of a reading and reset
prior to commencing a new reading.

In one implementation, the integrator 208 integrates or
counts the number of output pulses produced by the various
outputs of the discriminator 206. With reference to FIG. 4a,
the integrator 208 1ncludes a plurality of counters 402, 404,
406, the number of which preferably corresponds to the num-
ber of levels detected by the discriminator 206. Each counter
402, 404, 406 1s incremented when corresponding output
signal 214, 216, 218 from the discriminator 206 transitions to
true.

In another implementation, the integrator 208 provides an
indication of the total time during which the various output
signals produced by the discriminator 206 are true. With
reference to FIG. 4b, the integrator 208 contains a plurality of
integrators 420, 422, 424, the number of which preferably
corresponds to the number of levels detected by the discrimi-
nator 206. A reference 426 such as a voltage or current source
provides a reference signal to each integrator 420, 422, 424,
Each integrator 420, 422, 424 integrates the reference value
during the time period 1n which the corresponding discrimi-
nator output signal 214, 216, 218 1s true. The integrators 420,
422, 444 may also be implemented by counters which are
clocked during the time period 1n which the corresponding
discriminator output signal 214, 216, 218 1s true.

In another implementation, the integrator 208 integrates
the value of the output of the differentiator 204 during the
time periods 1n which the respective discriminator 206 output
signals are true. With reference to FIG. 4¢, each integrator
420, 422, 424 recerves the respective output of the differen-
tiator and 1ntegrates this value during the time period 1n which
the corresponding discriminator output signal 214, 216, 218
1s true.

Returning to FIG. 2, the first corrector 24a corrects the first
220 and second 222 outputs produced by the integrator to
produce corrected outputs 230, 232 indicative of the photons
detected at the first and second energy ranges. In relatively
low x-ray count rate situations where the probability of pile-
ups 1s relatively low, individual photons or events can be
detected relatively accurately and the measured values 220,
222 are approximately a linear function of the true photon
numbers. As the count rate increases, however, the linearity of
the measurement tends to decrease. For example, the likeli-
hood of pile-ups increases with an increase 1n count rate, so
that two or more events may be treated as a single event or
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count. Moreover, the discriminator 206 may classily over-
lapped events 1n a higher energy window. As the relationship
between the true photon numbers and the measured values 1s
relatively predictable (up to statistical errors), the effect of
these deviations may be reduced. When the count rate 1s
higher, the accuracy of the correction 1s on one hand deterio-
rated due to the additional pile-ups but on the other hand 1t
tends to improve due to the smaller statistical error in the
photon numbers. Accordingly, the correction remains rela-
tively accurate over a range of count rates, especially for CT
and other applications where the energy resolution require-
ments are relatively less stringent.

The first corrector 24a provides first and second corrected
output values 230, 232 according to the relations:

N1=f1(L1,L2)

N2=J2(L1,L2) Equation 1
where N _1s the corrected count value at energy window x, 1_
1s the correction function at energy window x, L1 1s the first
output 220 of the integrator, and L2 1s the second output 222

of the integrator.

A second corrector 24b used atrelatively higher count rates
corrects the second 222 and third 224 integrator outputs to
produce additional first and second corrected outputs 234,
236 1ndicative of the photons detected at the first and second
energy ranges. As the count rate continues to increase, a
significant portion of the signals produced by the detector
clements 100 tend to overlap more completely, and the output
of the differentiator 204 will have a relatively higher average
value. The first output 214 of the discriminator will be rela-
tively lower than the true reading, while the third output 218
of the discriminator 206 will be relatively higher. As the
relationship between the true photon numbers and the mea-
sured values 1s relatively predictable (up to statistical errors),
the effect of this deviation may be reduced.

The second corrector 245 provides corrected output values
234, 236 according to the relations:

Pl=¢1(12,13)

P2=g2(L2,L3) Equation 2
where P_ 1s the corrected count value at energy window x, g
1s the correction function at energy window x, L.2 1s the third
output 222 of the integrator, and L3 1s the third output 224 of
the integrator.

Overall, the first corrector 24a provides correction for a
first relatively lower range of count rates, while the second
corrector 24H provides corrections at higher count rates.

An optional combiner 25 combines the outputs of the first
24a and second 245b correctors as a function of the count rate
to produce outputs 240, 242 indicative of the photons detected
at the first and second energy ranges. In one implementation,
the first outputs 230, 234 of the first and second correctors are
weighted as a function of the photon count rate to generate the
first output 240, while the second outputs 232, 236 of the first
and second correctors are weighted as a function of the pho-
ton countrate to generate the second output 242. For example,
at relatively low count rates, the outputs 230, 232 may be used
exclusively to produce the first and second outputs 240, while
at relatively high count rates, the outputs 234, 236 may be
used exclusively. At intermediate count rates, the outputs of
the first 24a and second 245 correctors are combined using a
linear or other suitable weighting function. Other suitable
combination functions may also be implemented.
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Asnoted above, the third level of the discriminator 206, the
third integrator 406, the second corrector 245, and the com-
biner 25 may be omitted depending on the characteristics of
the detector elements 100 and the anticipated count rates.

The correction functions t_ and g _ can be established by
way ol a simulation or by scanning one or more phantoms
having differing, known radiation attenuation and material
compositions at various count rates.

Determination of the correction functions 1, and g_accord-
ing to a simulation will now be described. The response of a
detector element 100 can be modeled by the equation:

DetectorOutput=Ae' =7 11— 1) Equation 3
where A 1s an amplitude related to photon energy, T , 1s the

detector decay time constant, and T, 1s the detector rise time
constant.

FIG. 5§ depicts a series of pulses generated as a response
502 to simulated x-ray photons at an exemplary mean count
rate of 20 million counts/sec. In the example of FI1G. 5, T , 1s
set at 30 ns, T, 1s set at 4 ns, and the time response or dead time
of the data acquisition system 26 1s set to 9 ns. Incoming
photons were simulated as having random energies consistent
with the spectrum of a typical x-ray tube, and the temporal
distribution of the incoming photons follows Poisson statis-
tics at the mean count rate. The above simulation parameters
are exemplary and the use of other parameters 1s contem-
plated based on the characteristics of a particular detector and
data acquisition system.

As can be seen 1 FIG. 5, many of the events overlap as a
result of pulse pile-up. In order to more clearly show the
overlapping eflect, the simulation was conducted without
noise. In an actual simulation, however, 1t 1s desirable to also
consider the effects of detector signal noise, especially noise
originating from the Poisson statistics of optical photons gen-
erated by the detector scintillator (or electron-hole number 1n
the case of a direct conversion detector).

As will be appreciated, the overlapping depicted in FIG. 5
makes 1t difficult to determine the energy of the detected
photons by integrating the areca under the curve. FIG. 6
depicts the simulated output signal 602 produced by the dii-
terentiator 204, where the differentiator includes a delay 302
of 10 ns and a subtractor 304 as depicted in FIG. 3. Rising
signals indicative of detected signals appear as positive sig-
nals, while the respective decay fragments appear as negative
signals. The amplitude of the positive signals provides an
estimate of the energy of the detected x-ray photons.

To determine the correction functions, the actual photon
numbers generated by the simulation during a reading time
period i each of the energy windows for a given input photon
count rate are determined. The corresponding output values
220, 222, 224 produced by the integrator 208 are also deter-
mined. This process 1s repeated for a desired number of dif-
ferent count rates and energy spectra.

After passing through the scanned object, the energy dis-
tribution of the detected photons 1s atfected by the matenal
composition of the object. With reference to FIG. 7, spectrum
702 simulates a first relatively softer or lower energy spec-
trum resulting from passing though an object with a relatively
low radiation attenuation response. Spectrum 704 simulates a
relatively harder spectrum resulting from passing through an
object with hugher radiation attenuation response. Spectrum
706 depicts a composite spectrum which 1s the average of the
first 702 and second 704 spectra and 1s used 1n a subsequent
simulation step. The vertical axis represents the normalized
intensity as a function of energy; the total number of photons
may be substantially different. The two peaks 1n the spectra
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702, 704, 706 are simulations of the peaks 1n the output of a
typical tungsten anode x-ray tube.

Results of an exemplary simulation using an integrator 208
as described in FIG. 4a are depicted in FIG. 8. The actual
photon count rates as a function of the input count rate in the
first and second energy windows for the first energy spectrum
702 are depicted at 802 and 804, respectively. The actual
count rates 1n the first and second energy windows for the
second energy spectrum 704 are likewise depicted at 806 and
808 respectively. As the curves 802, 804, 806, 808 represent
the actual count rates, 1t will be appreciated that each curve 1s
a straight line. The measured photon count rates as deter-
mined using the first 220 and second 222 outputs of the
integrator 208 1n the first and second energy windows for the
first energy spectrum 702 are depicted at 810 and 812, respec-
tively. The measured photon count rates 1n the first and second
energy windows for the second energy spectrum 704 are
depicted at 814 and 816, respectively. As can be seen, the
slope of the measured countrates 810, 812, 814, 816 begins to
decrease as the count rate increases.

The relationships between the corresponding measured
and actual count rates are used to calculate the correction
functions 11 and 12. Note that, for the purposes of the simu-
lation, separate intermediate correction functions 11 and 12
are generated for each energy spectrum 702, 704.

As will also be appreciated, the correction functions 11 and
12 provide unique results over count rates in which the slope
of the measured curves 810, 812, 814, 816 remains positive,
which 1n the exemplary simulation 1s true for count rates up to
about 4x10’ counts per second. Above this rate, the high
count rate correction functions gl and g2 are advantageously
used.

Final correction functions 11 and 12 are obtained by per-
forming a bilinear interpolation of the corresponding results
from the first 702 and second 704 spectra in order to cover an
intermediate spectrum 706, which in the example of FIG. 7 1s
the average of the first 702 and second 704 spectra. The final
correction functions 11, 12 may advantageously be imple-
mented as first and second lookup tables. The structure of
cach lookup table includes two independent variables and one
dependent variable, where the independent variables are the
first 220 and second 222 outputs of the integrator and the
dependent variable 1s the corrected count value for the rel-
evant energy window (e.g., N1 for the first lookup table, and
N2 for the second look-up table). Alternately the final correc-
tion functions 11, 12 may be implemented as a single lookup
table, where the respective output values N1, N2 are accessed
as a function of the first 220 and second 222 integrator out-
puts. Of course, the correction functions may be implemented
using other suitable methods, for example via direct math-
ematical calculations. It should also be noted that the correc-
tions may be performed as part of the reconstruction of the
data from the scan.

The accuracy of the correction can be estimated by per-
forming a further simulation using the third energy spectrum
706 and the previously calculated correction functions. The
actual outputs of a series of simulations are then compared
against the actual mput values.

A similar simulation 1s performed at the relatively higher
count rates to determine the correction functions gl and g2.

The energy resolution of the described techniques may be
much lower than the energy resolution that can be obtained by
integrating the whole pulse. Nonetheless, 1t allows for dis-
criminating between two energy ranges, with some mutual
overlapping.

In operation, an object under examination 1s scanned. As
the detector 20 rotates about the examination region, each
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detector element 100 produces an output signal indicative of
detected x-ray photons. Following any required signal con-
ditioning, the differentiator 204 produces an output signal
indicative of the rate of change of the detector element 100
signal. The discriminator 206 classifies the detected events
into one or more energy levels or windows. The output of the
discriminator 206 triggers an integrator 208, which produces
outputs indicative of the x-ray photons detected at each
energy window. Similar outputs are generated for each detec-
tor element 100 and for each of a plurality of reading periods.

For signals obtained at relatively low count rates, the first
corrector 24q uses the first 220 and second 222 outputs of the
discriminator 206 to produce corrected outputs indicative of
the number and energy distribution of the detected photons.
At relatively higher count rates, a second corrector 245 uses
the second 222 and third 224 discriminator outputs to gener-
ate corrected outputs. A combiner 25 may be used to combine
the outputs of the first 24a and second 24b correctors to
produce a final output values indicative of the number and
energy distribution of the detected x-ray photons. The infor-
mation 1s further processed by the reconstructor 22 and made
available to the operator via the console 44.

Of course, modifications and alterations will occur to oth-
ers upon reading and understanding the preceding descrip-
tion. It1s intended that the invention be construed as including,
all such modifications and alterations insofar as they come
within the scope of the appended claims or the equivalents
thereof.

The mvention claimed 1s:

1. An apparatus comprising:

a radiation sensitive detector which produces an output in

response to 1omzing radiation;

a discriminator which produces first and second outputs

based on the rate of change of the detector output;

a first integrator triggered by the first discriminator output

and which generates a first integrator output;

a second integrator triggered by the second discriminator

output and which generates a second integrator output;

a first corrector which uses the first and second integrator

outputs to generate a {irst output indicative of detected
radiation having a first energy range and a second output
indicative of detected radiation having a second energy
range, wherein the first corrector corrects for pulse pile-
ups 1n the detector output.

2. The apparatus of claim 1 wherein the discriminator
produces a third output indicative of the rate of change of the
detector output, wherein the apparatus further comprises a
third integrator triggered by the third discriminator output
and which generates a third integrator output, and wherein the
apparatus further comprises a second corrector which uses
the second and third integrator outputs to generate a first
output indicative of detected radiation having the first energy
range and a second output indicative of detected radiation
having the second energy range.

3. The apparatus of claim 2 wherein the first corrector
corrects for pulse pile-ups at a first range of radiation photon
count rates and the second corrector corrects for pulse pile ups
at a second range of radiation photon count rates which 1s
higher than the first range of radiation photon count rates.

4. The apparatus of claim 3 further including means for
welghting the first output of the first corrector and the first
output of the second corrector as a function of the radiation
photon count rate to generate a first weighted output and for
welghting the second output of the first corrector and the
second output of the second corrector as a function of the
radiation photon count rate to generate a second weighted
output.
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5. The apparatus of claim 1 wherein the first integrator
counts the number of times the first integrator 1s triggered by
the first discriminator output.

6. The apparatus of claim 1 wherein the first integrator
generates an output indicative of the length of time during
which the first integrator 1s triggered by the first discriminator
output.

7. The apparatus of claim 1 wherein the first integrator
integrates a value indicative of the rate of change of the
detector output when triggered by the first discriminator out-
put.

8. The apparatus of claim 1 including a differentiator which
subtracts a time shifted detector output from the detector
output to generate a signal indicative of the rate of change of
the detector output.

9. The apparatus of claim 1 including an x-ray tube which
rotates about an examination region and wherein the detector
generates an output indicative of x-radiation emitted by the
x-ray source which has traversed the examination region.

10. A method comprising:

measuring a rate of change of an output signal produced by

a radiation sensitive detector in response to an 10n1zing
radiation photon;

updating a first value 11 the rate of change 1s 1n a first range;

updating a second value 11 the rate of change 1s 1n a second

range;

repeating the steps of measuring, updating the first value,

and updating the second value for a plurality of photons;

generating a first output indicative of photons detected 1n a

first energy range, wherein the first output 1s a function
of the first and second values:;

generating a second output indicative of photons detected

in a second energy range, wherein the second outputis a
function of the first and second values.

11. The method of claim 10 wherein the step of generating
includes correcting for pulse pile-ups 1n the detector output.

12. The method of claim 10 wherein the step of updating a
first value 1includes counting the number of times the rate of
change of the detector output 1s in the first range.

13. The method of claim 10 wherein the step of updating
the first value includes updating the first value as a function of
the time period during which the rate of change of the detector
output 1s 1n the first range.

14. The method of claim 10 wherein the step of repeating
includes repeating for a reading time period.

15. The method of claim 10 wherein the step of generating
a first output includes using the first and second values to
access a lookup table.

16. The method of claim 10 further including updating a
third value 11 the rate of change of the detector output is 1n a
third range.

17. The method of claim 16 wherein the first output 1s a
function of the second and third values, and the second output
1s a function of the second and third values.

18. A method comprising:

estimating the energy of an 1onizing radiation photon

detected by a radiation sensitive detector;

updating one of at least first and second values depending

on the estimated energy;

repeating the steps of estimating and updating for photons

detected during a pre-selected time period;

using the first and second values to generate a {irst output

indicative of detected photons having a first range of
energies and a second output indicative of detected pho-
tons having a second range of energies, wherein the first
and second outputs include corrections for detector
pulse pile ups.
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19. The method of claim 18 wherein the step of updating (1) the first and second values and (11) the second and third
includes updating one of at least first, second, and third values values to generate the second output.
depending on the estimated energy and wherein the step of 20. The method of claim 18 wherein the step of updating
using includes using, depending on a photon count rate, at includes updating a count.

least one of (1) the first and second values and (11) the second 5
and third values to generate the first output and at least one of % ok k& ok
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